Abstract Vascular dementia (VaD), incorporating cognitive dysfunction with vascular disease, ranks as the second leading cause of dementia in the United States, yet no effective treatment is currently available. The challenge of defining the pathological substrates of VaD is complicated by the heterogeneous nature of cerebrovascular disease and coexistence of other pathologies, including Alzheimer's disease (AD) types of lesion. The use of rodent models of ischemic stroke may help to elucidate the type of lesions that are responsible for cognitive impairment in humans. Endovascular middle cerebral artery (MCA) occlusion in rats is considered to be a convenient and reliable model of human cerebral ischemia. Both sensorimotor and cognitive dysfunction can be induced in the rat endovascular MCA occlusion model, yet sensorimotor deficits induced by endovascular MCA occlusion may improve with time, whereas data presented in this review suggest that in rats this model can result in a progressive course of cognitive impairment that is consistent with the clinical progression of VaD. Thus far, experimental studies using this model have demonstrated a direct interaction of cerebral ischemic damage and AD-type neuropathologies in the primary ischemic area. Further, coincident to the progressive decline of cognitive function, a delayed neurodegeneration in a remote area, distal to the primary ischemic area, the hippocampus, has been demonstrated in a rat endovascular MCA occlusion model. We argue that this model could be employed to study VaD and provide insight into some of the pathophysiological mechanisms of VaD.
Introduction
Stroke ranks as the third leading cause of death and is the most common cause of permanent disability among people in the United States. Recent epidemiological data suggest that a decline in both stroke incidence and mortality reached a nadir in the early 1990s, and these conditions are now increasing in accordance with a rise in the aging population (Stapf and Mohr 2002) . Stroke patients must not only survive the acute stages of infarction, but they must then cope with significant physical and mental impairment. Associated with stroke is a high incidence of deficits in sensorimotor function, as well as deficits in cognitive ability (Phipps 1991) .
Ischemic stroke and vascular dementia
Vascular dementia (VaD) incorporates cognitive dysfunction with vascular disease. Epidemiological studies have indicated that the prevalence of dementia in ischemic stroke patients is nine-fold higher than in controls 3 months after the stroke (Pohjasvaara et al. 1998; Madureira et al. 2001 ) and 4-12 times higher than in controls 4 years after a lacuna infarct (Loeb et al. 1992) . Even so, the prevalence of VaD may have been under-estimated, as the incidence of dementia varies considerably depending on which criteria are applied (Pohjasvaara et al. 2000) . Vascular cognitive impairment (VCI) has recently been proposed as an umbrella term to include individuals affected with any degree of cognitive impairment resulting from cerebrovascular disease, ranging from mild cognitive impairment to dementia. In the case of VCI, the possible manifestations include memory loss, confusion and, more often, executive dysfunction plus impairments of specialized functions such as language, intentional gesture, or categorical recognition, that may result from stroke (Roman et al. 2004 ). Hence, VCI would likely encompass the majority of ischemic stroke patients.
Whereas ischemic stroke is itself a major cause of VaD, data from clinical studies suggest that ischemic stroke also amplifies cognitive deficits in patients with Alzheimer's disease (AD) pathology (Snowdon et al. 1997; Esiri et al. 1999; Zekry et al. 2002) . Furthermore, that cerebral ischemia can worsen the effects of AD pathology on cognitive function is also supported by experimental neuropathological data. For example, cerebral ischemia up-regulates the expression of amyloid precursor protein (APP) in rats (Jin et al. 2001a; Nihashi et al. 2001) , and enhances the cleavage of Aβ from APP (Saido et al. 1994) . Moreover, hyperphosphorylation of tau protein, another hallmark of AD, is induced by global ischemia (Sinigaglia-Coimbra et al. 2002) and focal cerebral ischemia in rats (Wen et al. 2004b ). The significant overlap of cerebrovascular disease and AD pathology makes the distinction between VaD and AD less clear, and it is commonly known that the differential diagnosis of VaD and AD on the basis of clinical evidence is, at best, very difficult. Therefore, both experimental and clinical investigations provide evidence that AD and VaD, traditionally considered distinct clinical and pathophysiological entities, could share common features and convergent pathogenic mechanisms. Nevertheless, the coexistence of other pathologies, including Alzheimer's disease type lesions, and the heterogeneous nature of cerebrovascular disease, make defining the pathological substrates of VaD even more complicated. The study of animal models for ischemic stroke will be essential to more precisely delineate the etiology and mechanisms underlying VaD, to discover potential therapeutic approaches for the treatment of VaD, and to predict the value and effect of therapeutic interventions in human subjects.
Rodent models for cerebral ischemia and VaD
The principal models of ischemic stroke can be divided into two subgroups: global ischemia and focal ischemia. Global models involve blocking the major blood vessels that supply the forebrain, resulting in ischemia over a large proportion of the brain. These models are now generally considered to better model the cerebral consequences of cardiac arrest rather than stroke and, consequently, are used less frequently in stroke research.
Most focal cerebral ischemia models involve occlusion of one major cerebral blood vessel, such as the middle cerebral artery (MCA). The occlusion of the MCA results in varying degrees of reduction of cerebral blood flow in both the striatum and cerebral cortex, depending on the methodological parameters. Models employing MCA occlusion are used extensively because they are considered to be of relevance to human thromboembolic stroke (Traystman 2003) . MCA occlusion in rats typically results in extensive neuronal death in the cortex and damage to the caudate putamen ranging from very little to extensive. It has been considered to be a convenient and reliable model of cerebral ischemia in humans (Tamura et al. 1981; Bederson et al. 1986; DeVries et al. 2001) .
Different techniques have been used for MCA occlusion in rats, including proximal MCA occlusion, distal MCA occlusion, photochemical thrombosis, and endovascular filament MCA occlusion. Among them, an endovascular MCA occlusion model has been extensively used in ischemic stroke research since its development in 1986 (see review by Traystman 2003) . This simple technique is relatively noninvasive and has been very popular for studying mechanisms of both cellular injury and neuroprotection. The rat endovascular MCA occlusion model involves inserting a monofilament nylon suture, either 3-0 or 4-0, into the internal carotid artery of rats, and then advancing the suture cranially. This procedure results in blocking the blood flow to the MCA from the internal carotid artery (ICA) as well as collateral circulation from the anterior communicating artery and posterior communicating artery (Figure 1) . The suture can either be left in place (permanent occlusion) or removed after a period of 60-or 90-min (transient occlusion). Occlusion of the MCA in rats by this technique, leading to consistent infarctions in the areas it supplies, makes it a useful experimental model of focal cerebral ischemia.
Although this review focuses on the literature involving the endovascular MCA occlusion model in rats, it must be noted that techniques similar to those developed in rats have been successfully applied in mice (Traystman 2003) , and cognitive deficits have also been observed in association with MCA occlusion in that species (Hattori et al. 2000) . However, different mechanisms could be involved in the cognitive deficits described in mice and rats, due to the difference between these species in cerebrovasculature. In contrast to rats, occlusion of the MCA by an endovascular technique consistently causes hippocampal damage in mice, especially C57BL/6, due to anomalies of the circle of Willis (Kitagawa et al. 1998; Belayev et al. 1999; Ozdemir et al. 1999; McColl et al. 2004) . Hence, from the perspective of etiology, the rat model of MCA occlusion may be most applicable to ischemic stroke in humans.
Behavioral studies using rat MCA occlusion models Both sensorimotor and cognitive impairments have been demonstrated in rats after MCA occlusion. Sensorimotor performance has been quantified by assessing postural abnormalities, coordinated movements, balance, forelimb strength, locomotor activity, or sensory capabilities (DeVries et al. 2001) . Spontaneous partial or complete recovery of sensorimotor function has been frequently reported over time after ischemic stroke in this model (Markgraf et al. 1994 (Markgraf et al. , 1997 Yonemori et al. 1999; DeVries et al. 2001; Roof et al. 2001; Karhunen et al. 2003) . Indeed, the validity of MCA occlusion as a model for human ischemic stroke has been criticized because of the transitory nature of the sensorimotor deficits (Cheng et al. 2004 ). However, ensuring that the proximal MCA rather than the distal MCA is occluded appears to With a 3-0 monofilament suture inserted from left ECA and gradually advanced into the intracranial ICA, blood flow was blocked to the left MCA territory increase the likelihood of persistent sensorimotor dysfunction (Roof et al. 2001) . This is because distal MCA occlusion in rats is more commonly associated with cortical damage alone, whereas endovascular occlusion of the proximal MCA typically results in extensive brain damage in the cerebral cortex as well as the caudate-putamen (Roof et al. 2001 ). Damage to the latter most likely contributes to persistent sensorimotor deficits after stroke (Reep et al. 2004) .
In many reports, rats subjected to MCA occlusion failed to orient toward sensory stimuli contralateral to the damaged hemisphere, a phenomenon that could result from sensory inattention (hemi-neglect), from an inability to initiate the motor responses that signal sensory awareness, or from a combination of deficits in sensorimotor integration (DeVries et al. 2001) . In our laboratory, we found not only persistent sensory neglect but even what appears to be a progressive increase in the severity of sensory neglect following transient focal cerebral ischemia induced by 1 hour of MCA occlusion (Figure 2 ). Widespread caudate damage following proximal MCA occlusion would explain continued sensorimotor impairment (Reep et al. 2004 ), but the explanation for even less responding to sensory stimulation must lie elsewhere. One possibility that must be considered is that the neuronal and behavioral consequences of MCA occlusion are not limited to those due to the primary infarct insult alone. Ongoing damage to secondary neuronal areas may continue to impact behavioral performance at later testing periods.
In addition to sensorimotor dysfunction, deficits in cognitive function have repeatedly been reported in this model (Yonemori et al. 1996 (Yonemori et al. , 1999 Modo et al. 2000; Puurunen et al. 2001; Jolkkonen et al. 2003) . For example, impairments of performance in the Morris water maze, considered to be a robust test of hippocampal-dependent spatial learning and memory functions, were found in rats following MCA occlusion (Markgraf et al. 1992 (Markgraf et al. , 1994 (Markgraf et al. , 1997 Yonemori et al. 1996 Yonemori et al. , 1999 Smith et al. 1997; Stroemer et al. 1998) . With the administration of repeated tests, performance differences between MCA occlusion rats and controls tended to persist following the lesion, although the magnitude of the difference was sometimes diminished. A longitudinal study in rats demonstrated both sensorimotor and spatial memory impairment for up to 1 year following transient MCA occlusion, but interestingly, there was no progression of sensorimotor dysfunction from a test at 7 months to the test at 1 year after transient focal cerebral ischemia (Karhunen et al. 2003) . Performance in the spatial learning/ memory test was improved in both stroke-lesioned and sham animals at 1 year after insult or sham surgery, respectively, compared with the performance obtained at 7 months. However, the improvement in the stroke-lesioned rats was profoundly less than that of the sham group. In a similar behavioral testing The group tested at 40 days was re-tested at 90 days (n=11). Neglect ratio was calculated using the following formula: (contralateral scoreipsilateral score)/(contralateral + ipsilateral score). A more negative score indicates less responding to contralateral sensory stimulation (a) Neglect ratio ± SE, (b) average number of inappropriate responses ± SE. * P < 0.05 for individual comparison within 2-way ANOVA paradigm, rats with permanent MCA occlusion exhibited weaker improvement following repeated testing in a spatial memory test at 1 and 2 weeks after stroke when compared with shams (Roof et al. 2001 ). This pattern is consistent with the presence of cognitive deficits that continue to worsen with time following an experimental stroke. Several problems may affect the above interpretations. Lesioned and control rats often differ in spatial learning ability on the initial test. Because previous experience with this test has a profound influence on subsequent performance, it is often difficult to assess whether or not progression or recovery occurs following the MCA occlusion. Moreover, because the experimental protocols and indices of performance used in these studies vary considerably, the conclusions are not always consistent. Regardless, almost no studies have suggested recovery of the spatial cognitive impairment over time after MCA occlusion, and a progressive impairment of cognitive function has even been suggested (Markgraf et al. 1992; Stroemer et al. 1998; Roof et al. 2001; Karhunen et al. 2003) .
Little or no cognitive impairment has been observed in several experimental studies when animals were tested soon after MCA occlusion. For example, four days after MCA occlusion, Wahl and colleagues (1992) found no disturbances in either vigilance or exploratory behavior measured in a modified openfield test, nor was working memory altered as measured in a Y-maze test. Similarly, Gupta et al. (2002) found no impairment of cognitive function within two weeks after MCA occlusion, as evidenced by insignificant differences between sham-operated and MCA-occluded rats in retention latency in a passive avoidance test, and by a lack of difference in transfer latency in a test of learning and memory using an elevated plus maze. While the information is currently fragmentary and obtained from different studies, the existing literature is consistent with a pattern of progression of cognitive impairment after MCA occlusion in rats. This pattern in rodents is consistent with that of clinical studies in which dementias developed progressively after stroke. The progression of cognitive dysfunction in the endovascular rat MCA occlusion model and in ischemic stroke patients suggests that this rodent model could be used to delineate the neuropathological mechanisms underlying VaD.
Potential neuropathological substrates of VaD defined by MCA occlusion model MCA occlusion typically results in extensive neuronal death, inducing both necrosis and apoptosis, in the cerebral cortex and caudate putamen. Further, MCA occlusion can also induce AD-related neuropathologies in the primary ischemia area. For example, cerebral ischemia induced by transient endovascular MCA occlusion in rats caused an increase in both amyloid precursor protein (APP) production and BACE 1 activity (Shi et al. 2000; Wen et al. 2004a ). In addition, after transient MCA occlusion, the cortex showed high levels of both phosphorylated tau and AD-type tau conformational epitopes (Wen et al. 2004b ). Further, this tau hyperphosphorylation occurred predominantly in neurons that were undergoing apoptosis, as evidenced by TUNEL staining (Wen et al. 2004b ). These experimental studies provide evidence that support a direct interaction between cerebral ischemia and AD-type pathology, which could contribute to the progression of dementia after ischemic stroke.
Most studies employing focal cerebral ischemia have focused on cellular changes in the primary infarction areas themselves. While it seems likely that the initial cognitive function impairment observed after endovascular MCA occlusion in rats could be explained by damage to the cerebral cortex and caudate-putamen, the persistence of this impairment, despite the often subsequent spontaneous recovery of sensorimotor function, indicates the possible involvement of other areas related to cognitive function that are distal to the primary infarct area. It is possible that focal cerebral ischemia may also cause delayed neuronal cell death in non-ischemic, remote brain areas that have synaptic contacts to the primary lesion area. For example, after focal ischemic or excitotoxic lesion of the cortex and/or striatum, secondary changes have been observed in the thalamus, substantia nigra pars reticulate, hippocampus, and spinal cord (Block et al. 2005) . Following MCA occlusion in rats, atrophy of the ipsilateral substantia nigra and neuronal loss combined with microglial activation in the spinal cord have been described (Tamura et al. 1990; Wu and Ling 1998) . Recently, evidence from our laboratory has suggested a delayed neurodegeneration in hippocampus after endovascular MCA occlusion in rats (Figure 4) . The hippocampus has long been recognized as playing a vital role in information processing, memory formation, and subsequent regulation of behavior (Bannerman et al. 2004; Lynch 2004) . Hippocampal damage has also been identified as a major target in both AD as well as VaD. In VaD, clinicopathological studies have shown that brain infarcts alone were usually insufficient to account for the clinical syndrome of dementia. Studies have indicated that hippocampal atrophy is a better predictor of dementia than the number of the vascular lesions (Mungas et al. 2001; Gainotti et al. 2004) . Clinically diagnosed VaD patients frequently show extensive AD-type neuropathological change (Kalaria et al. 2004) , and this neuropathological change (e.g., neurofibrillary degeneration) has also been found in the hippocampus of subcortical ischemia patients (Fein et al. 2000) . In fact, the designation of "mixed dementia" has been applied to conditions in which cerebrovascular and Alzheimer's disease pathologies coexist.
Endovascular MCA occlusion in rats induces very mild cerebral blood flow reduction in hippocampus because it is supplied by the posterior cerebral artery (An et al. 1993; Ozdemir et al. 1999; Tanaka et al. 2000) . Despite repeated attempts in our laboratory, we have observed no sign of direct neuronal damage in the ipsilateral hippocampus on day 1 after MCA occlusion in rats. Using MRI to define the extent of brain damage induced by transient MCA occlusion in Sprague Dawley rats, we demonstrated that damage was restricted to the cerebral cortex and caudate putamen at the early time after stroke (Figure 3) . However, beginning from day 3 until day 14 after MCA occlusion, other researchers have found delayed apoptotic neuronal death in the ipsilateral hippocampus, with the extent dependent on the length of time since occlusion (Wang et al. 2004) . Moreover, our studies have consistently demonstrated a delayed neurodegeneration in the CA1 region of the ipsilateral hippocampus at 1 month after transient MCA occlusion ( Figure 4 ). Other laboratories have reported Figure 3 Cerebral cortex and caudate putamen damage induced by transient endovascular middle cerebral artery occlusion in SD rat. (a) T2 and (b) Diffusion-weighted MRI in a same rat after 1 hour left MCA occlusion. Imaging was performed at 4.7 T 33 cm magnet with a Brucket Console (Billerica, MA, USA), using an actively shielded gradient set capable of 220 mT/m. DWI was acquired using a standard pulsed gradient spin echo technique with an echo time (TE) of 33 ms. The gradient pulses were each applied for 9 ms and were separated by 13 ms around the 180°refocusing pulse. The gradient amplitude used was 152 mT/m resulting in a b-value of 1400 s/mm 2 . T 2 WI was acquired using a standard spin echo technique with a TE of 75 ms. MCA occlusion induced damage in cerebral cortex, including frontal, parietal and occipital, and caudate putamen, evidenced by both (A) T2 and (B) Diffusionweighted MRI. Images a, b, c, and d correspond to the cross section of Bregma 1.8, −0.8, −2.8, and −3.8 mm, respectively, from the same rat after MCAO. Note that no damage was shown in hippocampus finding functional impairment in the hippocampus ipsilateral to the side of MCA occlusion. For example, 3 days after transient MCA occlusion, long-term potentiation was not inducible in the ipsilateral hippocampus (Sopala et al. 2000) .
There is evidence that endovascular MCA occlusion may initially elicit neuroprotective processes in both the ipsilateral and contralateral hippocampus, which would be consistent with a delayed neurodegeneration. In rats, transient MCA occlusion induced cyclic AMP response element binding protein (CREB) phosphorylation in the CA1 regions of the hippocampus of both the ischemic and non-ischemic hemispheres (Tanaka et al. 2000) . Further, increased proliferation of neuronal progenitor cells was shown in the contralateral hippocampus after both transient and permanent MCA occlusion in rats (Jin et al. 2001b; Takasawa et al. 2002) . The activation of CREB could contribute to neurogenesis in the hippocampus after focal ischemia (Zhu et al. 2004) .
Given the critical involvement of the hippocampus in memory processes, the congruent occurrence following endovascular MCA occlusion of both a progressive decline of cognitive function and a delayed onset of neurodegeneration in the hippocampus (a remote area distal to the primary ischemic lesion), suggests that the delayed neurodegeneration could be a potential neuropathological substrate for VaD.
Mechanisms of delayed neurodegeneration at areas remote to the primary ischemic lesion
The mechanisms that contribute to the neurodegeneration at remote areas distal to the primary ischemic lesion are not fully understood, but suggest the involvement of trans-synaptic retrograde and/or anterograde mechanisms (Ross and Ebner 1990) . The elongated morphology of neuronal processes and extensive neuronal network pose a significant challenge for effective intracellular and intercellular communication. Upon damage to neuronal processes and/or soma, the associated neuron must receive accurate and timely information to mount an appropriate response (Hanz and Fainzilber 2004) . The selective loss of neurons in neurodegenerative disease is widely thought to involve Figure 4 Delayed neurodegeneration in ipsilateral hippocampus after transient MCA occlusion in rats. Hematoxylin and Eosin staining showed extensive cytoplasmic eosinophilia, neuronal shrinkage, and nuclear pyknosis in the ipsilateral CA1 at 30 days, but almost none at 1 day after MCA occlusion. Neurodegeneration was also evident in CA3 and dentate gyrus (data not shown). Upper and lower images are low (200×) and high (400×) magnification, respectively the process of excitotoxicity, in which glutamatemediated neuronal damage is elaborated through the excessive stimulation of cell surface receptors. Impairment of inhibitory and excitatory neurotransmission occurs in widespread, structurally intact brain regions after focal ischemic stroke (Que et al. 1999; Redecker et al. 2002) . A secondary neuronal damage can be induced by a robust glutamate release from presynaptic neurons in the primary damage area (Dodd 2002) . Indeed, delayed transneuronal death of substantia nigra neurons has been demonstrated after excitotoxin induced damage in caudate nucleus. Further, a replacement of inhibitory transmitters prevents the delayed neuronal death, which suggests that the delayed transneuronal degeneration may be produced by neuronal disinhibition consequent to loss of inhibitory inputs (Saji and Reis 1987) .
The secondary neurodegeneration remote from the primary lesion area could also result from neuroinflammation induced by the primary ischemic insult. Inflammatory responses in areas relatively remote from the ischemic lesion have been indicated (Block et al. 2005) . Further, the inflammatory responses precede the neurodegeneration in the same area, suggesting the role of inflammation in areas remote to the ischemic lesion after stroke (Dihne and Block 2001; Loos et al. 2003 ).
Summary and conclusions
Endovascular middle cerebral artery occlusion models have been intensively used for both basic as well as translational research to delineate mechanisms underlying cerebral ischemia reperfusion injury and to develop effective therapeutic interventions for the treatment of ischemic stroke. Important advances in experimental stroke research have been made during the last decade. Many stroke researchers have expanded their techniques to assess the cognitive and other behavioral correlates of stroke damage using the endovascular middle cerebral artery occlusion model, especially in rats, and have extended examination of the recovery period to months, even years. Consistently, clinical epidemiology studies have suggested a progressive decline of cognitive function after ischemic stroke, while studies in rodent models have yielded compatible results. More importantly, various treatment options designed to prevent late development of cognitive impairment after onset of stroke have been offered in the studies using the rat endovascular middle cerebral artery occlusion model; notable among them are stem cell implantation (Modo et al. 2002) and environmental enrichment (Dahlqvist et al. 2004 ). The concurrent decline of cognitive function and the delayed neurodegeneration in hippocampus induced by endovascular MCA occlusion in rats suggests that delayed neurodegeneration in hippocampus or other regions remote to the primary lesion could be potential neuropathological substrates for VaD. Continued study of the long-term consequences of endovascular MCA occlusion in rats may help to further elucidate the type of lesions possibly linked with cognitive impairment in humans, and might provide insight into some of the pathophysiological mechanisms of vascular dementia, as well as AD (Sarti et al. 2002) . The ultimate goal of the animal studies is to identify and effectively target therapeutic interventions that may improve the quality of life in stroke survivors.
Briefly, the central thesis that we wish to impart in this review may be summarized as follows. The immediate consequences of endovascular proximal MCA occlusion in rats include neuronal damage to discrete cortical areas and the caudate putamen, accompanied by behavioral impairments that generally persist and sometimes even worsen ( see Figure 2) . While early assessment of cognitive performance soon after ischemic insult does not always indicate dysfunction, subsequent testing generally reveals deficits. The scope of neuronal damage in the hippocampus, a brain area that is distal to the primary lesions and that is important to cognitive function, also appears to increase with time. Therefore, endovascular proximal MCA occlusion in rats is a model that can induce a pattern of progressive deficits in cognitive and sensorimotor functioning that is clinically relevant.
